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Abstract
We present the results of resonant photoemission spectroscopy experiments on the Mo1−xRex
alloy compositions spanning over two electronic topological transitions (ETT) at the critical con-
centrations xC1 = 0.05 and xC2 = 0.11. The photoelectrons show an additional resonance (R3)
in the constant initial state (CIS) spectra of the alloys along with two resonances (R1 and R2)
which are similar to those observed in molybdenum. All the resonances show Fano-like line shapes.
The asymmetry parameter q of the resonances R1 and R3 of the alloys is observed to be large
and negative. Our analysis suggests that the origin of large negative q is associated with phonon
assisted inter band scattering between the Mo-like states and the narrow band that appeared due
to the ETT.
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I. INTRODUCTION
Excellent mechanical properties at elevated temperatures and room temperature worka-
bility of the Mo1−xRex alloys find widespread applications in medical fields, aerospace and
defense industries and welding production [1–3]. These alloys were also found to be promis-
ing materials for superconducting applications [4–6]. This is due to the occurrence of the
electronic topological transitions (ETT) which improves the mechanical and superconduct-
ing properties when rhenium is added to molybdenum [7–11]. An ETT is a transition where
pockets of Fermi surface appear or disappear when an external parameter such as composi-
tion, pressure, and/or magnetic field is varied [12, 13]. The ETT was theoretically predicted
first by I.M. Lifshitz [12] for pure metals subjected to elastic strains. The first experimen-
tal evidence for the ETT was given by Brandt et. al., by analyzing the pressure induced
changes in the superconducting properties of the Tl-Hg alloys [14]. In the Mo1−xRex alloys,
the superconducting transition temperature (TC) increases non-uniformly from 0.90 K for x
= 0 to about 12.6 K for the x = 0.40 alloy [8, 9] without a change in the crystal structure.
The range of compositions where the sharp change in TC is observed is associated with two
ETTs at the critical concentrations xC1 = 0.05 and xC2 = 0.11 [15–21]. Earlier, we have
shown that the ETTs and the superconducting properties are coupled in the Mo1−xRex al-
loys [8, 22]. Our previous studies [7, 22] revealed that the appearance of Re 5d like states
at the Fermi level above x > xC2 leads to multi-band superconductivity [23]. We have also
shown that the scattering of s like electrons to Re 5d like states by the soft phonon modes
is responsible for the enhancement of TC for x > xC2 [8]. The observation of the fact that
the stress required to generate a fixed amount of strain > 3% is minimum around 7 at.%
rhenium in molybdenum [10] is due to the softening of phonons. The phonon softening im-
proves the ductility of these alloys [24]. Smith et al., have observed that the phonons soften
along the N-H direction of the Brillouin zone when these alloys undergo ETT [11]. This
is the same location of the Brillouin zone where a pocket of the Fermi surface appears [16]
when more than 5 at.% of rhenium is added to molybdenum. These features are associated
with the changes in its electronic structure due to the ETT and the resulting localization of
the electronic states for a small group of carriers that appear against the background of a
continuous electronic spectrum [15]. This localization of electronic states responsible for the
ETT occurs due to the random potential introduced in the system when the composition
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is changed [25, 26]. Localization of electronic states associated with the ETT also occurs
when the pressure or magnetic field is a control parameter. This is due to the localization
of electronic states at the band edges [25]. However, the localization effects in the vicinity
of the ETT is quite small and the detection requires very sensitive techniques [15]. The
helium ion channeling experiments on Mo1−xRex alloys revealed that the effective mass of
the electrons in the states of the new Fermi surfaces formed during the ETT are higher than
the other electrons [27]. Ignat’eva and co-workers have also observed large oscillations in
the pressure dependence of TC and in certain temperature derivatives of the normal state
thermoelectric power and resistivity against a specific background which is related to the
ETT in the Mo1−xRex alloys [15]. They argued that the localization of electrons filling the
new states in the new Fermi surfaces appearing during the ETT cause the observed oscil-
lations in the physical quantities [15]. Here, we provide a direct experimental evidence of
the localization of these electrons in the newly formed Fermi surfaces appearing during the
ETT.
The localized states against a background continuum give rise to Fano resonance in
many of the observables [28–30]. The photoelectrons from the valance band state with
orbital angular momentum lv can show a Fano resonance when the photons of energies
(EP ) corresponding to an inner core shell having an orbital angular momentum li = lv-1
are used for the photoemission spectroscopy (PES) measurement [31, 32]. The interference
between the electrons from the direct emission and those from the autoionization due to the
super-Coster-Kronig transition can be explained by the Fano resonance [31] as
I(EP ) = Inr(EP ) + I0(EP )
(ǫ+ q)2
1 + ǫ2
. (1)
Here I(EP ) is the photoemission intensity at a given binding energy of the valance band.
The intensities I0(EP ) and Inr(EP ) correspond respectively to the transitions to the states
of continuum which do and do not interact with the discrete autoionizing state. The ǫ =
2(EP -ER)/Γ is the reduced energy with resonance energy ER and width Γ. The asymmetry
parameter q of the Fano resonance depends on the ratio of probabilities of transition to a
discrete state and transition to the continuum as well as on the hybridization between the
discrete and the continuum [29–34]. When |q| >> 1, the transition to the continuum is very
weak and the line shape is determined only by the discrete state. The |q| ≈ 1 indicates a
strong hybridization between the discrete and continuum states and |q| = 0 indicates that
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the states belong to the continuum [31, 32]. Therefore, the resonant PES technique (RPES)
can be used to study the interaction of localized states with the continuum [31–34]. We
therefore study the RPES of the bcc Mo1−xRex alloys around x = xCi.
Recently, we have shown that multi-band superconductivity manifests in the Mo1−xRex
alloys with x > xC2 [7]. The TC , the Sommerfeld coefficient of specific heat (γ) [8] and
the elastic constant (C11) [35] are observed to change abruptly across xC2. Our studies
revealed that the origin of the above observations is related to the phonon assisted inter-
band s-d scattering between the band that newly appeared at the Fermi level (Ef ) due to
the ETT and the rest of the bands [8]. We have also shown from RPES studies on the
alloys with x >> xC2 that the newly appeared band has Re5d like character [22]. Further
analysis by Evans and Dowben revealed stronger Mo-Re orbital hybridization for x >> xC2
in comparison with the Mo-Mo or Re-Re bonding [36].
In this article, we present the appearance of a distinct Fano like resonance in the constant
initial state (CIS) intensities in the spectra of RPES measurements on the Mo1−xRex alloys
for the density of states (DOS) at the binding energy (EB) ≈ -2 eV below the Ef when
x ≥ xC1 = 0.05. Our analysis suggests that the observation of a large negative q is associated
with the localization of electron like states in the newly appeared Fermi pocket as well as
with the phonon assisted inter-band s-d interaction.
II. EXPERIMENTAL DETAILS
The arc melted polycrystalline samples of Mo1−xRex (x = 0-0.15) alloys formed in the
body centred cubic (bcc) phase (space group: Im3¯m) [8]. The resonant photoemission
measurements were performed at the Angle Resolved Photoelectron Spectroscopy beamline
of Indus-1 Synchrotron, India. Base vacuum during resonant photoemission measurement
was 3 × 10−10 mbar. The samples were cleaned in situ by sputtering. The absence of carbon
1s peak at 284 eV and oxygen 1s peak at 531 eV was ensured before the measurements.
The valence band photoemission spectra were recorded using Phoibos 150 electron energy
analyser (SPECS) with a typical resolution of 135 meV in the range EP = 23 eV to 70 eV.
In this energy range, the photoemission spectra is more bulk sensitive [22]. Core levels
were studied using X-ray photoemission spectroscopy (XPS) with Mg Kα source (XR 50,
SPECS).
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FIG. 1. X-ray photoelectron spectroscopy of the Mo1−xRex alloys corresponding to the Re5p, Mo4p
and Re4f inner core shells having binding energies within the range -30 to -50 eV. The symbols
represent the experimental spectra and the lines are the multi-peak fits used to extract the peak
positions.
III. RESULTS AND DISCUSSIONS
Figure 1 shows the XPS spectra of the Mo1−xRex (x = 0-0.15) alloys corresponding to
the Re5p, Mo4p and Re4f inner core shells [22, 37]. All these shells show spin-orbit (SO)
splitting. The quantitative analysis is carried out using the XPSPEAK4.1 software. For
elemental molybdenum, the positions of the Mo4p3/2 and Mo4p1/2 peaks are respectively at
EB = -35.8 eV and -38 eV. The Re4f inner core shell of the x = 0.05 alloy shows two SO
split peaks at EB = -41.8 eV and -44.2 eV respectively for the Re4f7/2 and Re4f5/2 states.
The EB of Re4f core shell moves towards Ef with increasing x. The features corresponding
to Re5p3/2 and Re5p1/2 inner core shells [37] at EB = -31 eV and -33 eV are weakly visible
for the alloys. As x increases, the intensity of the Re4f shell becomes predominant while
that of the Mo4p shell reduces and becomes feeble at x = 0.15. Thus, the contributions
of molybdenum and rhenium to the valance band of Mo1−xRex (x = 0-0.15) alloys across
the ETT can be studied through RPES in the range EP = 20-70 eV. In this range, the
resonant enhancement of the valance band states of the Mo1−xRex alloys can be obtained
from the interference of electronic wave functions from (a) direct photoemission and (b)
Auger emissions for the following transitions [22]:
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(i) Mo 4p-5s transition via
4p64d55s1 + hν → (a) 4p64d55s0 + e−
→ (b) 4p54d55s2 → 4p64d55s0 + e−
(ii) Mo 4p-4d transition via
4p64d55s1 + hν → (a) 4p64d45s1 + e−
→ (b) 4p54d65s1 → 4p64d45s1 + e−
and
(iii) Re 5p-5d transition via
5p65d56s2 + hν → (a) 5p65d46s2 + e−
→ (b) 5p55d66s2 → 5p65d46s2 + e−
Figure 2 shows the valance band photoemission spectra of the Mo1−xRex (x = 0-0.15)
alloys as a function of EP . The Fermi energy (Ef ) is taken as EB = 0. The valance band
spectra of molybdenum (Fig. 2(a) and 2(b)) show two broad features at about EB ≈ -
2 eV and EB ≈ -6 eV. As the photon energy is increased from EP = 23 eV, the intensities
of both the features are decreased. The intensity of the feature at EB ≈ -6 eV increases
sharply and shows a resonance (R1) when the EP reaches the threshold energy (35 eV) for
the Mo4p inner core shell. The feature at EB ≈ -2 eV do not show appreciable resonance
at EP ≈ 35 eV. Above EP = 40 eV, the intensity of the feature at EB ≈ -2 eV increases
slowly and shows a broad resonance (R2) around 45 eV. The intensity of the feature at EB
≈ -6 eV again increases above 56 eV as EP approaches the Mo4s threshold. These results
are consistent with our previous studies on Mo [22]. In Fig. 2(b) we have marked the
positions (EB(DFT)) of the Mo4d, Mo5s and Mo5p states where the allowed states in the
valence band are expected from the density functional theory [22]. From the comparison of
position of EB of the resonances with the EB(DFT), we can conclude that the resonance R1
corresponds to the 4p to 5s transition [22] while the delayed resonance R2 corresponds to
the 4p to 4d transition. In comparison with the elemental molybdenum, substantial changes
in the valance band photoemission of x = 0.05 (Fig. 2(c) and 2(d)), 0.1(Fig. 2(e) and 2(f))
and 0.15 (Fig. 2(g) and 2(h)) alloys are observed in the EP range 23-38 eV. The resonance
R1 becomes broader with increasing x (compare Fig.2 (a), (c) and (e)) and the valance band
states around EB = -2 eV show additional resonance (marked as R3 in Fig. 2(c)) at about
7
EP ≈ 30 eV. The sharpness of the resonance R3 increases with increasing x, and hence, is
related to the Re partial DOS. We have also marked the EB(DFT) of the Re5d, Re6s and
Re6p sub bands [22] in the Fig. 2(d). As considerable part of the Re5d sub-band is centred
around ≈ -2 eV below Ef , the resonance R3 can be assigned to Re 5p-5d transition. For
EP > 38 eV, the valance band spectra of the alloys are similar to that of molybdenum.
Figure 3 shows the Fano line shape fitting of the constant initial state (CIS) intensities at
(a) EB≈ -2 eV and (b) EB≈ -6 eV of valance band photoemission of the Mo1−xRex alloys.
The parameters ER, Γ and q of the fitting for (x = 0, 0.05, 0.10 and 0.15) are presented in
table I. The CIS plot of molybdenum for EB≈ -2 eV shows a weak peak (R1
′) at EP ≈ 34 eV
(Fig.3(a)). The strength of this resonance increases with increasing EB and is maximum
for EB≈ -6 eV (R1 in Fig. 3(b)). We found that molybdenum has only 5s states at EB≈
-6 eV and the resonance R1 results from the 4p to 5s transition. The q of R1 is about 3
over the entire valance band which indicates that the hybridization is weak between 4d and
5s states in the EB range -5 eV to Ef . The enhanced intensity of R1 at about EB = -6 eV
indicates that most of the 5s states are present in this narrow energy range. The shift of
the R2 resonance of the 4p-4d transition at EB ≈ -2 eV from the Mo4p threshold to EP ≈
45 eV indicates the presence of electron-electron correlations in the Mo4d band [31]. The q
of the R2 is <1 which indicates that the Mo4d states have nearly free electron like character.
In the alloys, the resonance R2 becomes sharper (Γ(x 6=0)< 0.5Γ(0)) with a q ≈ 1.2 due to
the preferential Mo-Re bonding over the Mo-Mo or Re-Re bonding [36]. The shape of the
resonance R1 in the alloys is quite different from that of molybdenum. This indicates that
the Re states contribute to R1 of the alloys. The q of R1 in the alloys is negative and the
|q| increases sharply with increasing x. The value of |q| for x = 0.15 is tending to infinity
indicating the localization of discrete Re states associated with the R1 resonance.
The resonance R3 is observed only in the alloys and is quite different from the other
resonances discussed above. We see that the ER of R3 decreases with increasing x and
approaches the threshold of the Re5p core shell for x = 0.15. The values of q of R1 and R3
of the alloys are large and negative. The large value of q suggest that the bands responsible
for the resonances are narrow and localized. The sign of the q depends on the nature of
interaction (mixing) between the discrete states and the continuum [30, 38]. The Fano line
shapes with negative (positive) values of q have been reported in the Raman lines originating
from the discrete optical phonon mode and an electron (holes) continuum in n-Si (p-Si)
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TABLE I. The parameters corresponding to the fitting of the constant initial state spectra of the
Mo1−xRex (x = 0-0.15) alloys using eq.1. The fitting is shown in Fig. 3.
x EP (eV) Γ (eV) q
R1
0 35.1±0.2 3.1±0.4 2.9±0.4
0.05 34.9±0.4 13.5±0.5 -2.4±0.3
0.10 35±0.3 12.6±0.5 -3.8±0.5
0.15 35.6±0.2 8.8±0.5 −∞
R2
0 41.8±1 25.3±1.2 0.89±0.1
0.05 43.4±1 14.8±3.3 1.4±0.4
0.10 44.4±0.8 8.8±0.9 1.7±0.6
0.15 45.3±0.4 10.5±0.6 1.6±0.2
R3
0.05 34.8±0.4 8.8±1.6 -1.1±0.2
0.10 34.6±0.2 5.6±0.7 -1.1±0.1
0.15 33.3±0.2 6±0.7 -2.9±0.4
[38, 39]. The change in the sign of q between p-Si to n-Si arises from the difference in the
nature of electron-phonon and hole-phonon interactions. The elemental molybdenum is a
compensated metal with higher mobility of holes in comparison with the electrons [40, 41].
The addition of rhenium (with one extra electron in comparison with molybdenum) increases
the number of electrons with an additional band crossing the Fermi level for x > xC1 [15–21].
We have shown that the scattering of electrons between this Re5d like band and the rest of
the bands is through the electron-phonon interaction (phonon assisted interband scattering
(PAIS))[8]. Hence, the origin of negative q observed for R3 in the alloys can be assigned
to the phonon assisted s − d interaction. We have also shown that the enhancement in
the TC of the Mo1−xRex alloys is due to the enhancement of the electron phonon coupling
constant corresponding to PAIS [8]. Therefore, the enhanced TC along with the two-gap
superconductivity in the Mo1−xRex alloys are due to the localization of electrons in the new
Fermi pockets formed due to the ETT.
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IV. CONCLUSIONS
The addition of rhenium to molybdenum is known to improve the ductility (”The Rhe-
nium Effect”). It is observed that the stress required to produce a fixed amount of strain
higher than 3% is minimum around x = 0.07 [10]. Smith et al. have observed that the
phonons soften along the N-H direction of the Brillouin zone of the Mo1−xRex alloys when
these alloys undergo ETT [11]. This is the same location of the Brillouin zone where a pocket
of the Fermi surface appears when x > 0.05. Earlier, we have shown that the large enhance-
ment of TC for x > 0.05 is due to the changes in the electronic structure across the ETT
[7]. We have now shown that the resonant photoemission technique may be effectively used
to distinguish between the narrow localized states and the delocalized continuum states of
the Mo1−xRex alloys resulting from the ETT at xC1 = 0.05 and xC2 = 0.11. The states that
crosses the Fermi level due to the ETT show an additional resonance as compared to those
observed for elemental molybdenum. The q parameter of this resonance is large and negative
indicating that these states are electron like and are localized. By comparing the present
results with previous studies [7, 15], the enhanced superconducting transition temperature
and other functional properties of the Mo1−xRex alloys are linked to the interaction between
these localized states with the rest of the delocalized states and the associated changes in
the electron-phonon interaction.
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FIG. 2. Photoelectron spectra of the valance band of Mo1−xRex at room temperature for (a,b) x
= 0, (c,d) x = 0.05, (e,f) x = 0.10 and (g,h) x = 0.15. The images in the left are contour plots
while the graphs in the right are photoemission spectra at a few selected EP . Two resonances are
seen in Mo while three resonances are observed in the alloys.
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FIG. 3. Analysis of the constant initial state spectra at (a) EB ≈ 2 eV and (b) EB ≈ 6 eV of the
Mo1−xRex (x = 0.05-0.15) alloys using eq.1. The symbols are the experimental data points and
the lines are fits to the data. The fitting parameters are listed in table I. The q for the resonance
at EP ≈ 34 eV in the alloys is large and negative.
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